Owing to their ability to concentrate light on nanometer scales, plasmonic surface structures are ideally suited for on-chip functionalization with nonlinear or gain materials. However, achieving a high effective quantum yield across a surface not only requires strong light localization but also control over losses. Here, we report on a particular class of tunable low-loss metasurfaces featuring dense arrangements of nanometer sized focal points on a photonic chip with an underlying waveguide channel. Guided within the plane, the photonic wave evanescently couples to the nano-gaps, concentrating light in a lattice of hot-spots. In studying the energy transfer between photonic and plasmonic channels of single trimer molecules and triangular nano-gap tilings in dependence on element size, we identify different regimes of operation. We show that the product of field enhancement, propagation length and element size is close-to-constant in both the radiative and subwavelength regimes, opening pathways for device designs that combine high field enhancements with large propagation lengths.
Mediated by subwavelength interactions with metallic particles, nanoplasmonic surfaces can alter the localization and propagation characteristics of light at interfaces. [1] [2] [3] The steady progress in lithographic 4, 5 and self-assembly techniques 6, 7 makes it possible to shape metallic surface elements with increasing precision, reaching towards sub-nm scales. 8 In the wake of this technological development, schemes involving coupled plasmonic particle clusters and arrays have been designed, fabricated and studied, exploring their potential to slow or stop light, [9] [10] [11] to nano-focus light in the gaps between or at the edges of the nano-particles, 12, 13 to resonantly transport energy along particle chains, 14 to control the phase, [15] [16] [17] polarization 16, 18 and to refract light at negative angles. 15, 17 As research continues to explore nanoplasmonic surfaces with engineered optical properties and their functionalization with nonlinear and quantum gain 19, 20 materials as diverse as gases 21 , semiconductors 22 , dyes 23 and graphene 24 there is a growing gap between the wealth of potential applications and practical concepts for on-chip integration with photonic technologies. In fact, until now, plasmonic and metamaterial surfaces are mostly operated outof-plane; i.e. by illumination under normal incidence or evanescent excitation with near-field microscope tips; [25] [26] [27] two well-established techniques that are convenient to perform, yet with limited potential for on-chip integration. Fundamentally, integration with photonic circuitry requires keeping light confined and in interaction with the structured surface, without inducing uncontrolled scattering or excessive dissipative loss. The usual trade-off is that a stronger confinement of light to the metallic surface increases attenuation and heat generation due to Ohmic losses. [28] [29] [30] Hybrid metal-dielectric waveguide structures [31] [32] [33] [34] offer one possibility to break the interdependency of loss and localization, but require careful design to achieve good loss-performance and compatibility with established photonic architectures. Furthermore, from a fabrication and integration perspective, it is highly desirable to establish a platform where light waves, guided within a photonic layer, can be manipulated on subwavelength scales using metallic nano-structures on the surface. 35 Such hybrid platforms may not only provide welldefined interfaces for on-chip integration of plasmonic devices (e.g. sensors or spectroscopic elements) with photonic signal-processing circuits, but also offer practical routes towards active nanoplasmonic components that exploit the enhanced surface-interaction with fluorescent, 36 magneto-optic 37 or nonlinear materials. 21 Figure 1: Triangular nano-gap tiling made of C 3v symmetric trimer molecules (a) that are densely arranged on the top of a dielectric stack (b). The TE-polarized photonic field propagates with β = n e f f k 0 inside the silicon waveguide (w) while being evanescently focused into bright spots on the surface (c). Both gap and corner diameter of the elements are set to scale with the pitch L (i.e., G = D = L/10).
In this article we report on a particular class of integrated plasmonic surface structures, plasmonic nano-gap tilings (NGTs), featuring dense lattices of focal points (1) . To understand the general properties of plasmonic NGTs, we theoretically study one of the simplest structures: triangular surface patches of fixed orientation arranged in a triangular lattice. The chosen combination of shape and lattice was guided by our aim to concentrate light in a dense array of hot-spots to achieve a strong enhancement of the surface fields.
The surface structure is fully characterized by the pitch L = a √ 3/2, given by the projection of lattice vectors a 1 and a 2 in the propagation direction, the gap G and the element corner Trimer Surface Antenna: Field Enhancement. Despite the weaker evanescent surface interaction, the TE-polarized photonic field can lead to strong lateral charge separation within the metallic surface elements. This can lead to capacitive coupling in the nano-gaps between the elements inducing strong fields which peak at resonance. 43, 44 As shown in 3b, the field concentrates on the surface into bright spots at the corners of the antenna, while the propagating field in the waveguide below remains mostly unperturbed.
To quantify the achieved light concentration, we measure the relative surface enhancement, are coupled in a dense array, the LSPRs couple to a plasmonic band that supports propagation of SPPs along the chain of nanoparticles. 14 The mutual coupling of the propagating plasmonic and photonic modes leads to the formation of waveguide-plasmon polaritons, which, due to the strong coupling (low buffer height), anti-cross at the point where the frequencies and k-vectors of the plasmonic and waveguide modes match. 45 As a consequence of the mode hybridization, the observed mode-splitting increases with decreasing buffer size as the coupling parameter between the waveguide and the surface plasmonic modes become exponentially stronger.
A fundamental difference between in-plane and out-of-plane excitation concerns the number of available scattering channels. While plane-wave ATR spectroscopy measurements record energy transfer into absorption (A), transmission (T) and reflection (R) channels, one must, for integrated designs, also consider the scattering into the superstrate (t; top) and the substrate which leads to a concentration of field strength into the focal points of the NGT without inducing high plasmonic losses.
For functionalization of the surface (e.g. with polymers, dyes, etc.) we are interested in the effective enhancements of the linear and nonlinear susceptibilities of the material deposited.
To find the enhancement for a particular process, we divide the n'th power of the normalized surface field by the normalized electric field within the waveguide and integrate over the area of the NGT. For example the effective intensity enhancement (n = 2) is given by
The fact that we divide the surface intensities at every point by the intensity in the waveguide underneath allows us to eliminate propagation effects such as attenuation, back-reflection and standing wave patterns. This approach is valid as the evanescent interaction of the waveguide fields with the surface structure does not involve significant retardation effects. The so- Nano-gap Tiling: Equivalent Gain. Although the achieved intensity enhancement in the subwavelength regime is comparably low, the propagating photonic field experiences low attenuation and remains in interaction with the NGT. To quantify the trade-off between field concentration and attenuation we introduce an effective attenuation cross-section
which is shown in 7b (black line). Strikingly, this cross-section is close-to-constant in the subwavelength regime (below L = 250 nm) and in the radiative regime before the second Bragg resonance (L = 400 − 550 nm). In these regimes
which means that the ability of the NGT to concentrate energy on the surface is proportional to the density of hot-spots (∼ 1/L 2 ) and the normalized attenuation (L/l p ). This relation is of particular relevance in the context of device functionalization with nonlinear 50 and gain materials. [51] [52] [53] As an application, we imagine an active material deposited on the surface. To fully compensate the dissipative and radiative losses we require an equivalent gain of
e f f l p (5) introducing the confinement factor proposed hybrid structure is a realistic prospect even in the resonant plasmonic regime. Fi-nally, we note that using epitaxially grown InGaAsP based semiconductors structures gain can also be introduced directly into the waveguide structure. In this case (keeping the geometric dimensions) the confinement factor is Γ ≈ 0.82 but there is no plasmonic field enhancement, resulting in the dashed green line in 7b. While the required gain for loss-compensation is generally lower, this is particularly not true in the regime where the waveguide mode couples to the surface plasmon resonances of the surface.
CONCLUSION
In conclusion we reported on a new class of low-loss integrated surface structures, plasmonic nano-gap tilings (NGTs), which can concentrate light on the surface of a photonic chip in a lattice of bright-spots. To understand their unique properties, we investigated triangular trimers in an integrated configuration, showing their potential to scatter and concentrate light on the surface of the chip in dependence of their size. For the assembled NGT we identified different regimes of operation depending on the pitch length: the off-resonant regime, where the NGT acts as true light-concentrating metasurface, and regimes dominated by in-plane (back) scattering, excitation of plasmonic modes, and out-coupling of radiation. Using a novel technique for the extraction of the field enhancement, we were able to define an effective attenuation crosssection, which plateaus in the off-resonant and radiative regime. The equivalent gain required for loss-compensation on the surface and in the waveguide illustrate that loss-compensation in these structures is realistically possible. The triangular structure that forms the basis of this work is one of many possibilities to cover a surface with a regular 2D tiling. The chosen combination of particle shape (triangles) and crystal lattice (hexagonal) was guided by our aim to concentrate light in a dense array of hot-spots on the surface. Tilings with higher symmetry, such as a checkerboard tiling (diamonds on a square lattice), are possible but do not achieve the same surface field enhancement, as, for a given propagation direction, only half of the nanogaps are excited. We note that waveguide-integrated plasmonic surface arrays are not limited to the passive SOI platform, but can be also be integrated on active semiconductor material systems (e.g. III-V semiconductors). While surface functionalization with gain materials were considered in this work, other nonlinear materials can be conveniently deployed on the sur-face. The observed hybrid waveguide plasmon-polariton resonances are also highly sensitive to changes in the dielectric constant 54 and could be employed for waveguide-integrated dielectric sensing applications that would additionally benefit from the field enhancement on the surface.
In combining the low-loss, light-enhancing and resonant properties of plasmonic and photonic structures with NGT structures may offer new routes to hybrid devices, such as on-chip sensors, plasmonic couplers, active surface emitters, switches and all-optical modulators.
METHODS
Numerical Simulations. All numerical simulations were performed in frequency domain using the full-vectorial finite-element method. To calculate the spectras of the isolated trimer elements we carried out scattering simulations with COMSOL using a two-step process: First we solved for the background field of the waveguide without the antenna using a combination of port boundary conditions (at the front and back) for waveguide mode injection, perfect electric boundary conditions (on the left and right) and perfectly matched layers (PMLs) on top and bottom. The calculation of the background field was followed by scattered-field calculations where the antenna was placed onto the waveguide. For this second step the PEC and PML boundaries have been replaced by PMLs enabling outward propagation of the scattered fields in all directions to determine the scattered energy flux. For the simulation of the finite NGT, we performed single step simulations using JCMwave. Periodic boundary conditions (PBC) were used for the sides of the structure to simulate a laterally infinite tiling. PMLs were used for the continuation of the sub-and superstrate layers, and the continuation of the forward and backward waveguide stack . The distance of the PMLs was chosen sufficiently large to avoid spurious backreflections and to accurately resolve the out-of-plane energy flow and the in-plane transmission and reflection coefficients.
The simulations were carried out for perfectly periodic structures and for a fixed direction of excitation by injection of a TE waveguide mode along the z-axis. To investigate off-axis propagation and the impact of imperfections, such as spatially varying gap sizes or corner radii, one would need to conduct systematic studies on laterally and longitudinally large (and finite) structure samples, which are subject to future works.
